Rationale: Although an age-related decrease in NO bioavailability contributes to vascular stiffness, the underlying molecular mechanisms remain incompletely understood. We hypothesize that NO constrains the activity of the matrix crosslinking enzyme tissue transglutaminase (TG2) via S-nitrosylation in young vessels, a process that is reversed in aging. Objective: We sought to determine whether endothelium-dependent NO regulates TG2 activity by S-nitrosylation and whether this contributes to age-related vascular stiffness. Methods and Results: We first demonstrate that NO suppresses activity and increases S-nitrosylation of TG2 in cellular models. Next, we show that nitric oxide synthase (NOS) inhibition leads to increased surface and extracellular matrix-associated TG2. We then demonstrate that endothelium-derived bioactive NO primarily mediates its effects through TG2, using TG2 ؊/؊ mice chronically treated with the NOS inhibitor L-N Gnitroarginine methyl ester (L-NAME). We confirm that TG2 activity is modulated by endothelium-derived bioactive NO in young rat aorta. In aging rat aorta, although TG2 expression remains unaltered, its activity increases and S-nitrosylation decreases. Furthermore, TG2 inhibition decreases vascular stiffness in aging rats. Finally, TG2 activity and matrix crosslinks are augmented with age in human aorta, whereas abundance remains unchanged. Conclusions: Decreased S-nitrosylation of TG2 and increased TG activity lead to enhanced matrix crosslinking and contribute to vascular stiffening in aging. TG2 appears to be the member of the transglutaminase family primarily contributing to this phenotype. Inhibition of TG2 could thus represent a therapeutic target for age-associated vascular stiffness and isolated systolic hypertension. (Circ Res. 2010;107:117-125.) 
A ging is associated with alterations in the properties of all elements of the vascular wall including endothelium, vascular smooth muscle, and matrix. 1 These changes result in increased vascular stiffness and isolated systolic hypertension. In addition, increased vascular stiffness promotes atherosclerosis at various sites in the vascular tree, such as the carotid artery. 2, 3 Both dynamic changes (alterations in endothelial function and effects on vascular smooth muscle contractility), as well as structural alterations (eg, fracturing of elastin, increased collagen content, and accumulation of advanced glycation end products) have been described in aging. Vessel structure can additionally be regulated by alterations in matrix crosslinking. 1 Transglutaminases (TGs) are enzymes that catalyze a transamidation reaction, leading to the crosslinking of proteins through the formation of the stable N--(␥glutamyl)lysine isopeptide bonds. 4, 5 At least 3 of the 9 members of the TG superfamily are expressed in vascular systems. Tissue transglutaminase (TG2) in particular is ubiquitously expressed in vasculature, including in endothelial cells, smooth muscle cells, fibroblasts, and monocytes/macrophages. 4 -11 TG2 is confined mainly to the cytosol, and a portion of it is associated with the cell membrane and secreted out of the cell to the extracellular matrix (ECM) through an as yet unidentified mechanism. 4 The reaction catalyzed by TG2 is dependent on its location: cytosolic TG2 acts mainly as a GTPase and extracellular TG2 catalyzes the transamidation reaction. 4, 5 The role of TG2 in regulating endothelial barrier function, 4, 12 small artery remodeling, 7 induction of vascular calcification program, 10 and atherosclerosis 4, 13 is emerging.
Crosslinking activity of TG2 has been shown to be inhibited in vitro by NO through protein S-nitrosylation 14, 15 of key cysteine residues. Furthermore, NO reverses small artery remodeling by TG2 in mice. 7, 10 In addition to directly modulating crosslinking activity, NO is shown to influence TG2 subcellular distribution in fibroblasts, 16 wherein the NO donor SNAP was shown to decrease the deposition of TG2 to the ECM over 72 hours. It is well established that endothelial NO bioavailability diminishes with aging. 17, 18 We therefore tested the hypothesis that decreased NO bioavailability contributes to an increase in TG activity in aging vessels. In this study, we demonstrate that endothelial nitric oxide synthase (NOS)-dependent NO regulates TG2 crosslinking activity and location in endothelial cells. Decreased endothelium-dependent NO synthesis in the aging vasculature leads to reduced TG2 S-nitrosylation and, thus, enhanced transamidation activity. This, in turn, results in increased crosslinking of matrix proteins and, consequently, to decreased compliance and increased stiffness of aging conduit blood vessels.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Animals
The animal protocols used in this report have been approved by the Johns Hopkins University School of Medicine Institutional Animal Care and Use Committee. Fisher 344 rats were used for this study and were supplied by the National Institute of Aging. Young animals were Ϸ3 months of age, whereas old animals were between 22 to 24 months of age. Male TG2 Ϫ/Ϫ mice (a kind gift from Robert Graham, Victor Chang Cardiovascular Institute, New South Wales, Australia) were used (3 to 5 months of age) in the study with BL6129S as background. All animals were fed ad libitum and had free access to drinking water.
Cell Cultures
Human aortic endothelial cells (HAECs) were purchased from Cascade Biologics, cultured using ECM Media (ScienCell Labs), and used between passages 7 and 10. Intact cells were treated as indicated and used to determine TG2 activity, expression, and S-nitrosylation.
Shear Stress
HAECs were sheared at 20 dyne/cm 2 (400 rpm) using a coneand-plate viscometer as described elsewhere. 19 -21 
TG2 Expression
Expression was determined by Western blotting.
TG Activity Assay
A dot blot assay was used to determine TG activity as described 22 with minor modifications (see the Online Data Supplement for details). A time course of biotin(amido)pentylamine incorporation in HAECs is shown in Online Figure I (A) and a comparison to the standard Western blotting approach is provided (Online Figure I, B ).
S-Nitrosylation Assay
TG2 S-nitrosylation was determined using the biotin switch assay 23 in cell lysates/tissue homogenates. Because the activity assay also relies on biotinylation, the S-nitrosylation assays were performed on a separate set of samples in parallel with the activity assays.
Isolation of Cell Surface Proteins and ECM
Cell surface proteins were enriched using sulfo-NHS-LC biotin (Pierce) following the protocol of the manufacturer. ECM fraction was recovered by removing cells and nuclear material following the protocol of Soucy and Romer. 24
Immunofluorescent Staining of TG2
HAECs were grown on fibronectin-coated coverslips and treated as indicated. Extracellular/ECM associated TG2 was first stained in live cells by incubating with TG2 primary followed by Cy3-conjugated secondary antibody. Cells were then fixed, permeabilized, and intracellular TG2 labeled by incubating with TG2 primary followed by Cy5-conjugated secondary antibody. Samples were then mounted, sealed, and imaged on a Nikon Eclipse 80i equipped with a photometrics CoolSnap HQ2 camera (Cy3, green; Cy5, red). The entire labeling procedure was performed in the dark and at 4°C (see the Online Data Supplement for details).
In Vivo NOS Inhibition in Mice
Wild-type (WT) (BL6129S) and TG2 Ϫ/Ϫ mice were used. Animals were randomized into 2 groups and implanted with an osmotic pump (Alzet) filled with a 4-week dose of either L-N G -nitroarginine methyl ester (L-NAME) (20 mg/kg per day) or vehicle control.
In Vivo Inhibition of TG in Aging Rats
Eighteen-to 19-month-old rats were randomized to 2 groups and implanted with an osmotic pump, filled with a 4-week dose of either cystamine (40 mg/kg per day) or vehicle control. Pumps were exchanged every 4 weeks for 3 months.
Pulse Wave Velocity Measurement
Aortic pulse wave velocity (PWV) was measured using highfrequency Doppler with a Doppler Signal Processing Workstation (Indus Instruments) as previously described. 25, 26 Blood pressure was measured concurrently (see the Online Data Supplement for details).
Carotid Artery Compliance
The carotid artery was dissected and cannulated in a perfusion chamber. The artery was perfused with oxygenated calcium-free Krebs buffer using a peristaltic pump (Cole-Parmer Instrument Co), which also continuously monitored perfusion pressure. Pressure was incrementally increased from 0 to 100 mm Hg in steps of 10 mm Hg, each for 30 second intervals. Vessel outer diameter was simultaneously recorded using microscopic imaging Compliance (ability to stretch and hold volume) and distensibility (ability to stretch; elastic property of vessel) were calculated from these data. It is important to note that pressure was measured at the pump proximal to the vessel, and, thus, actual vessel pressure may be different depending on the resistances exerted by components of the flow circuit. This, however, remains constant for all experimental groups.
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Human Tissue
Thoracic descending aortic segments for immunohistochemistry and TG activity were taken from 16 subjects (8 young [33 to 49 years old] and 8 old [62 to 101 year old]) undergoing autopsy as part of a wider study of vascular tissues as described. 27 The collection of all tissues was approved by the institutional review board of The Johns Hopkins Hospital.
Data Analysis
All Western blots and dot blots were analyzed by densitometry using the ImageJ software (NIH). Results are expressed as a percentage change relative to the average value measured in the baseline group. Statistics were performed using GraphPad Prism software. One-way ANOVA with Bonferroni or Tukey correction were used to compare 3 or more groups; unpaired t test was used to compare 2 groups. All data are represented as meansϮSEM.
Results
TG2 Is Regulated by S-Nitrosylation in Cellular Models
We first established the dependence of TG crosslinking activity on bioactive NO in 2 cellular models: NIH3T3 cells overexpressing myc-tagged TG2 (Online Figure II) and HAECs ( Figure 1A ). Intact cells were pretreated with Cystamine (1 mmol/L, 1 hour) was used to inhibit TG crosslinking activity. Activity was measured in intact cells using the biotin(amido)pentylamine (1 mmol/L, 4 hours) incorporation assay. TG2 S-nitrosylation was measured in cell lysates using the biotin switch assay. NO/SNO inhibits TG activity: GSNO decreased and L-NAME increased TG activity in HAECs. Conversely, TG2 S-nitrosylation was increased with GSNO and decreased with L-NAME. DTT treatment led to increased activity and decreased S-nitrosylation, suggesting NO likely exerts its effect through a reversible modification of protein thiols. TG2 expression levels remained constant in all these studies. In addition, endogenous NO production was modulated using shear stress (20 dyne/cm2, 24 hour, using cone-and-plate viscometer) in the presence and absence of NOS inhibitor L-NAME (200 mol/L), and TG2 activity and S-nitrosylation were measured. Effect of shear was confirmed by inspecting cell alignment, increased NOS3 phosphorylation, 19 and increased KLF-2 mRNA levels (Online Figure III , A through C). 28 Shear stress decreased TG2 activity and increased S-nitrosylation compared to static conditions. L-NAME reversed the effect of shear on TG2 activity and S-nitrosylation ( Figure 1B ). In addition, HAECs were treated with acetylcholine (1 mol/L, 30 minutes) to induce NO production. This resulted in decreased TG2 activity ( Figure 1C ) and increased TG2 S-nitrosylation. 
NO/SNO Regulates TG2 Subcellular Distribution
We next determined whether NO/SNO regulates TG2 location in HAECs. Cells were treated with GSNO (200 mol/L), GSNOϩL-cysteine (200 mol/L each), DTT (200 mol/L), or L-NAME (20 or 200 mol/L) for 2 hours. We first determined surface TG2 by labeling cell surface proteins with sulfo-NHS-LC biotin followed by enrichment using streptavidincoated agarose. TG2 was determined in the biotinylated (Surface TG2) fraction and in whole cell lysates (Total TG2) by Western blotting (Figure 2A ). Increased NO led to decreased surface associated TG2. L-Cysteine is shown to increase S-nitrosylation of intracellular proteins, 29 and, indeed, corresponded to increased intracellular TG2. DTT and L-NAME led to increased surface associated TG2. Next, HAECs cultured on fibronectincoated coverslips were subjected to the same treatments. In this case, we used immunofluorescence to label surface TG2 with Cy3-and cytosolic TG2 with Cy5-conjugated secondary antibodies ( Figure 2B ; see Methods for details) followed by analysis using fluorescence microscopy (Cy3, green; Cy5, red). There is an increase in the Cy3-labeled (surface/ECM) TG2 in DTT and L-NAME (200 mol/L) conditions and decreased Cy3-labeled TG2 in the GSNOϩL-cysteine-treated cells compared to untreated (baseline) cells. Cy3/Cy5 ratios were calculated as a measure of surface/intracellular TG2. Finally, ECM fractions of HAECs treated as indicated ( Figure 2C) were isolated, and TG2 in the ECM was determined by Western blotting. Whereas short-term GSNO (2 hours) treatment had no effect on ECM associated TG2, inhibiting NOS led to increased ECM deposition of TG2, as did DTT. Together, these results demonstrate that decreased NO leads to increased TG2 externalization.
TG2 Is the Predominant TG That Regulates Vascular Stiffness
At least 3 TGs are expressed in vasculature. 10, 11 To determine the role of TG2 specifically, we used a TG2 Ϫ/Ϫ mouse model. WT and TG2 Ϫ/Ϫ mice were treated with the NOS inhibitor L-NAME using osmotic infusion pumps (40 mg/kg per day for 4 weeks) to assess the role of bioactive NO in mediating TG activity in vivo. Controls were treated with vehicle alone. Control WT mice showed much higher TG activity compared to control TG Ϫ/Ϫ mice ( Figure 3A and 3B). TG activity was increased in L-NAME-treated WT mice (compared to control WT) but not in TG2 Ϫ/Ϫ mice ( Figure 3A and 3B ). TG2 expression was unaltered in WT mice with L-NAME treatment and was undetected in TG Ϫ/Ϫ mice ( Figure 3A and 3B) . Finally, L-NAME treatment led to increased central aortic stiffness, as measured by PWV ( Figure 3C ). Consistent with existing , and controls were left untreated. Surface/ECM and cytosolic TG2 levels were determined by enrichment of surface proteins (as described in Methods); DTT and L-NAME led to increased levels of cell surface TG2, whereas GSNO and GSNOϩL-cysteine treatments led to decreased surface TG2; total (whole cell lysate) TG2 was unaltered (nϭ8; *PϽ0.05, **PϽ0.01). B, Immunofluorescence. In this case, HAECs were grown on fibronectincoated coverslips and treated as indicated. Extracellular TG2 was labeled by treating live cells with TG2 antibody followed by Cy3-conjugated secondary antibody followed by fixing, permeabilizing, and labeling of intracellular TG2 by treating samples with TG2 antibody followed by Cy5-conjugated secondary antibody. Samples were analyzed by fluorescence microscopy, with green corresponding to Cy3 and red corresponding to Cy5 fluorescence. DTT and L-NAME (200 mol/L) treatment led to increased surface TG2 (higher Cy3 signal than baseline), whereas GSNOϩL-Cys led to decreased surface TG2 (lower Cy3 signal than baseline). Cy3/ Cy5 ratios for the bar graph were obtained as described in the Online Data Supplement (nϭ12; *PϽ0.05; **PϽ0.01). C, HAECs were grown to confluence and treated as indicated; ECM fraction was recovered as described in Methods. DTT and L-NAME led to increased deposition of TG2 in the ECM, whereas GSNO treatment did not alter ECM-associated TG2 compared to untreated cells (*PϽ0.05, **PϽ0.01).
literature, 30 mean arterial pressures ( Figure 3D ) were comparable in the WT and TG2 Ϫ/Ϫ mice at baseline. L-NAME treatment led to increased blood pressure in both WT and TG2 Ϫ/Ϫ mice but a significantly higher level in TG2 Ϫ/Ϫ mice. Finally, carotid artery compliance measured ex vivo by pressure-dimension analysis ( Figure 3E ) decreased in WT but not in TG Ϫ/Ϫ mice with L-NAME treatment. Pressure-dimension traces, normalized diameter, and distensibility of carotids are shown in Online Figure IV (A through C).
TG Crosslinking Activity Is Higher in Old Rat Aorta Because of Impaired TG2 S-Nitrosylation by Endothelium-Dependent Bioactive NO
We next addressed age-related alterations in TG activity in aorta of rats. Old rats have higher TG crosslinking activity, as measured using the biotin(amido)pentylamine incorporation assay ( Figure 4A ) and immunohistochemistry (Figure 4B ). TG2 abundance remained unchanged ( Figure 4A and 4B). We probed the role of endothelium-dependent bioactive NO in regulating TG2 by inhibiting NOS using L-NAME (200 mol/L, 2 hour; Figure 4A ) and by comparing endothelium-denuded (EϪ) with intact (Eϩ) aortic rings ( Figure 4C ). Both NOS inhibition and removal of endothelium (diminished NO availability) led to a marked increase in TG activity, lending support to the role of NOS in modulating TG activity. We also measured greater levels of S-nitrosylated TG2 in young compared to old rat aorta, suggesting a role for S-nitrosylation in modulating TG activity ( Figure 4D ). We next tested whether in vivo chronic TG inhibition using cystamine (40 mg/kg per day for 4 weeks) could improve vascular stiffness (as measured Figure 3 . TG2 is the TG important in mediating vascular stiffness. NOS was inhibited in WT and TG2 Ϫ/Ϫ mice using L-NAME (20 mg/kg per day) administered through osmotic infusion pumps for 4 weeks. A and B, TG activity increases with L-NAME inhibition of NOS in WT mice but not in TG Ϫ/Ϫ mice, whereas TG2 expression is unchanged. C, PWV increases in L-NAME-treated WT but not TG2 Ϫ/Ϫ mice compared to untreated controls. D, Mean arterial pressure (MAP) for mice were measured before and after treatment. E, Compliance of carotid artery measured ex vivo by pressure-dimension analysis decreases in L-NAME-treated WT but not TG2 Ϫ/Ϫ mice compared to untreated controls (nϭ8 each group; *PϽ0.05, **PϽ0.01; 1-way ANOVA followed by Bonferroni post test).
by PWV) associated with aging. Cystamine-treated animals show significantly lower PWV at the end of the treatment period compared to controls ( Figure 4E ). Blood pressure decreased with age equally in both cystaminetreated and untreated rats ( Figure 4F ).
TG Activity Is Increased in Aging Humans
We compared the TG activity and expression in young and old human aorta obtained at autopsy. TG activity ( Figure   5A ) and crosslinks ( Figure 5B ) were higher in aged humans compared to young controls. This suggests that age-related increases in TG2 activity contribute to vascular changes in humans and that TG2 is a potential target for therapy in treating age-related vascular dysfunction.
Discussion
Aging is accompanied by increased remodeling of the vascular wall and altered endothelial function. Whereas ; ex vivo L-NAME treatment markedly enhances activity in young but not in old. B, TG-specific crosslinks determined by immunohistochemistry are higher in old compared to young rat aorta; expression is unchanged (right). C, TG activity is markedly enhanced in aortic segments of young rats lacking endothelium (EϪ) compared to intact endothelium (Eϩ), suggesting endothelial NO is important in regulating TG2 from other cellular sources (nϭ6). D, S-Nitrosylation of TG2 diminishes with age, whereas expression is unchanged. E, Untreated rats show an increase in PWV over 12 weeks, whereas rats treated with TG inhibitor cystamine (40 mg/kg per day) administered via osmotic infusion pumps for 12 weeks show significantly lower PWV compared to untreated animals (nϭ8 each group). F, Mean arterial pressure (MAP) decreases with age in rats and is not significantly different in age-matched treated and untreated groups (nϭ8 each group; *PϽ0.05, **PϽ0.01, ***PϽ0.001; 1-way ANOVA with Tukey post test). elastin fracture, increased collagen content, and increased activity of MMP-2 are known to be important mediators of this phenomenon, the role of TG2 in vascular remodeling and atherosclerosis is emerging. 4, 30 Previous studies have shown that TG2 is expressed in all layers of the blood vessel. 4, 5 The N-(␥-glutamyl)lysine crosslinks formed by TG are mainly found in the adventitia and the (sub)endothelium. TG2 is thought to be inhibited by S-nitrosylation 14 and is involved in small-artery remodeling in an NOdependent manner. 7 In this study, we demonstrate that TG activity increases with age in rat and human aorta whereas TG2 S-nitrosylation decreases. It is well accepted that aging is associated with diminished NO bioavailability. Together, these observations suggest that an NOdependent posttranslational modification of TG2 likely mediates the increase in activity observed in aging. It is interesting to note that the abundance of TG2 remained unchanged in both aging human and rat aorta, an observation supported by a recent proteomic study identifying age-associated alterations in protein expression levels in rat aorta. 31 This highlights the importance of nitrosoredox-dependent posttranslational modifications in determining function and their role in human disease 32 and stresses the critical role of functional proteomics in target identification. TG2 Ϫ/Ϫ mice do not show any overt cardiovascular phenotype when unchallenged, but have altered response(s) compared to WT littermates under several stresses. 33 Examples include delayed inward remodeling of resistance arteries in response to surgical reduction of blood flow 34 and L-NAME-induced hypertension. 30 The presence of remodeling in TG2 Ϫ/Ϫ mice is attributable to alternative mechanisms involving other members of the TG superfamily (eg, factor XIII and TG5). Additionally, in the case of L-NAME induced hypertension, TG2 Ϫ/Ϫ mice show enhanced blood pressure responses but smaller structural changes compared to WT littermates. 30 In this study, we used L-NAME inhibition of NOS in WT and TG2 Ϫ/Ϫ mice and show that TG2 is the predominant TG-mediating conduit artery (aortic) stiffness. WT mice show a significant increase in arterial stiffness (PWV) in response to NOS inhibition by L-NAME, whereas TG2 Ϫ/Ϫ mice do not. The distensibility of carotid arteries from TG2 Ϫ/Ϫ is significantly higher than WT at baseline (Online Figure IV, B) ; however, their compliance is comparable. Additionally, whereas TG2 expression was undetected in TG2 Ϫ/Ϫ mice, the aorta of these mice stained positively for the -(␥-glutamyl)lysine crosslinks, albeit at lower intensities than WT mice. We predict that the lower matrix crosslinking leads to increased distensibility, but there are other complementary/compensating mechanisms contributing toward maintaining compliance in the TG2 Ϫ/Ϫ mice, such as those observed in small arteries. 10, 30, 34 This remains to be confirmed.
In HAECs, NOS-dependent NO regulates TG2 S-nitrosylation and activity, as demonstrated using NOS inhibitor L-NAME, shear stress, and acetylcholine. Furthermore, we show that decreased nitrosylation is accompanied by increased externalization of TG2. The specific enzymatic reaction catalyzed by TG2 is dependent on its subcellular location. In the cytosol, with high GTP and low Ca 2ϩ levels, the crosslinking activity of TG2 is held latent. Conversely, because extracellular TG2 encounters low GTP and high Ca 2ϩ levels, it performs its transamidation reaction. Our study suggests that sustained decrease in NO bioavailability, such as those encountered in aging vasculature, can lead to decreased TG2 S-nitrosylation, increased externalization, and, thus, increased matrix crosslinking. Furthermore, our data suggest that endothelial NO regulates the activity of TG2 derived from other cell types (fibroblasts and SMCs) in the aorta, as denuding the endothelium (and thereby reducing bioavailable NO) leads to increased TG2 activity. Thus, the role of endothelium derived bioavailable NO in regulating S-nitrosylation of TG2 derived from other cell types of the vessel remains to be elucidated, for example, through coculture systems. In addition to reduced NO bioavailability, Ca 2ϩ dysregulation in aging aorta may also contribute to TG2 activity because Ca 2ϩ is essential for TG2 crosslinking activity and can also influence TG2 S-nitrosylation. 14 Moreover, dysregulated denitrosylation pathways can also contribute to this phenomenon. The contribution(s) of these mechanisms to TG2 regulation in aging remains to be studied.
It is important to note that protein crosslinks catalyzed by TG2 are very stable and have a very low turnover. Thus, increased crosslinks observed in the aorta of aged rats and humans could be either attributable to increased TG2 activity or a result of accumulation of crosslinks at constant TG2 levels. In both cases, TG2 crosslinking activity contributes to the resultant vascular stiffening. Our study demonstrates that loss of NO bioavailability leads to increased TG2 transamidation activity and might accelerate the stiffening process. Thus, TG2 inhibition is a potential therapeutic route toward treating age-related vascular disease.
Finally, in addition to increased matrix crosslinking, there are a number of downstream mechanisms that might ultimately contribute to TG2-mediated increases in vascular stiffness. These include integrin signaling, 35 activating RhoA, 36 and enhanced growth factor receptor signaling, 37 which can contribute to vascular proliferation and fibrosis. In addition, TG2 is important for targeting of latent transforming growth factor ␤ complex, which leads to enhanced synthesis and deposition of matrix proteins including collagen 38 in an NO-dependent manner. 16 For example, a recent study demonstrated significantly lower plaque areas in TG2-ApoE double knockout mice on a Western-type diet compared to ApoE-null mice. The plaques in the double knockout also had lower collagen content and increased inflammation and, therefore, more unstable plaque. This was matched by decreased transforming growth factor ␤ activity. Here again, factor XIII was shown to play a potential compensatory role in the double knockout mice. 39 In conclusion, we show that TG2 is the primary TG mediating age-associated stiffening of conduit arteries. TG2 is regulated by endothelium-derived bioavailable NO; TG2 S-nitrosylation decreases and crosslinking activity increases with age and contributes to a decrease in vascular compliance. The cellular source of TG2 in the vasculature that contributes to this phenomenon remains to be identified.
Novelty and Significance
What Is Known?
• Diminished NO bioavailability in aging conduit arteries contributes to increased vascular stiffness. • Tissue transglutaminase (TG2) is involved in small artery remodeling in response to various pathophysiologic stresses. • TG2 activity is thought to be regulated by NO via S-nitrosylation.
What New Information Does This Article Contribute?
• TG2 crosslinking activity and externalization are regulated by NO in endothelial cells. • Endothelium-derived NO constrains TG2 activity in rat aorta through S-nitrosylation. • Decreased TG2 S-nitrosylation leads to increased crosslinking activity in old rat aorta. • TG inhibition ameliorates age-associated increase in vascular stiffness in rats.
Age-associated increase in central vascular stiffness and resultant systolic hypertension are the hallmark of the aging vascular system and contribute to cardiovascular morbidity in the elderly. Therapy, however, remains elusive because there are few established protein targets. In this study, we established the role of TG2 in mediating vascular stiffness. We show that TG2 activity increases with age in the aorta of rats and humans. We demonstrate that decreased NO leads to decreased TG2 S-nitrosylation and increased TG2 externalization and crosslinking activity in endothelial cells. We further demonstrate that endothelium-derived NO regulates TG2 crosslinking activity and TG2 S-nitrosylation diminishes with age in rat aorta. Finally, TG inhibition in rats prevents age-associated increases in vascular stiffness. This is the first study demonstrating the role of decreased S-nitrosylation of TG2 by endothelium-derived NO in increased vascular stiffness with aging. This study provides a foundation to further study the therapeutic potential of TG2 in treated age-related vascular disease.
